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2 Dirk Merten et al.: Electroweak form factors of non-strange baryons
particular the special eects of the quark interaction and
the relevance of relativistic boosting.
c) In section 3 we present our predictions for transition
form factors. We compare with various experimental data,
which are, however, not as well established as it is the case
for the nucleon properties, because the extraction of these
form factors from pion-photoproduction is highly model
dependent. Less ambiguous are the photon couplings (he-
licity amplitudes), for which we have indeed results, which
show good overall agreement with the known data. The
detailed behaviour of these form factors as a function of
Q
2
show, however, sometimes large discrepancies with the
functional behaviour extracted so far from experiments.
Our results can in this respect be regarded as alternative
predictions waiting for experimental verication.
At the end of this introduction we want to stress that
the calculation presented in this paper contains no free
parameters or normalization. All model parameters were
xed in the previous calculation of the baryon mass spec-
trum [9] (We use the set of model A from this refer-
ence which quantitatively describes several features of the
complete light avor baryon spectrum.). We even did not
try to bring our form factor results into closer agreement
to some experimental values, when the disagreement was
only due to slight deviations of our model resonance masses
from the known experimental values, in order to be en-
tirely consistent with our nal goal to see how far the
constituent quark picture of hadron resonances works in
phenomenology at higher energies.
2 Current matrix elements derived from the
Bethe-Salpeter amplitudes
2.1 Bethe-Salpeter amplitudes
In our rst paper [8] we presented a formally covariant



































In quantum eld theory these are the transition matrix
























;P) and the vacuum j0i.












the two relative Jacobi four-momenta) formally obeys the









































































































is the irreducible three-




















































+ corresponding terms with interacting
quark pairs (23) and (31) (4)




To be as close as possible in contact with the quite suc-
cesful non-relativistic quark model, the basic assumptions
of this model are the following:
1. The full quark propagators S
i
F
are replaced by free
























which in the restframe of




































































In our specic quark model of baryons [9,10] these po-
tentials represent string-like connement for the three-
particle kernel and 't Hooft's instanton-induced inter-
action for the two-particle kernel.







and thus to reduce the 3-Fermion
Bethe-Salpeter equation to a simpler equation { known as
Salpeter equation. In case of instantaneouse three-body
forces alone this reduction procedure is straightforward.
However, as discussed in detail in ref. [8], serious compli-
cations arise within the reduction procedure, if genuine
2-body interactions are taken into account in the three-




within the three-body system then pre-
vents a straightforward reduction to the Salpeter equation.
In ref. [8] we presented a method which { in presence of
a genuine instantaneous three-body kernel { nevertheless
allows a reasonable treatment of these forces within the
Salpeter framework. There we derived a Salpeter equation
for the (projected) Salpeter amplitude (for a brief review




































































































jection operators onto purely positive-energy and purely
negative-energy three-quark states, respectively. This is
achieved by a perturbative elimination of retardation ef-
fects which arise due to the two-body interaction. To this




which eectively parameterizes the eects of the two-
body forces. We expanded this quasi-potential in powers of

















the instantaneous three-body kernel V
(3)
that couples to










































































































+ corresponding terms with interacting
quark pairs (23) and (31), (8)



















































































































































+ corresponding terms with interacting

































quark. This equation determines the baryon masses M







in the corresponding order















































































































Here the baryon four-momentum

P = M = (M;0) is at
rest; for a general four-momentum

P on the mass shell
the vertex function must be boosted by a suitable Lorentz
transformation in the obvious way.
2.2 Current matrix elements
The physically relevant bound-state matrix elements of











(x) := : 	 (x)q^

	 (x) :
where q^ is the charge operator are calculated as follows:




























































and inserting physical baryon states j
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tween, we nd that the Fourier transform of this quan-



























. In the vincinity of these




















































































































































































































denotes the current kernel inmomentumspace which









































































































































+ corresponding terms with photon couplings
to quark 1 and quark 2. (18)

































































































































































































































































































































































can now be inserted into this for-












































is the adjoint vertex function which in the rest










































































































which we expand to the same order in the residual kernel
as the eective kernel V
e
M
used in the Salpeter equation,






















+ higher orders. (26)

































































































































+ corresponding photon couplings to quarks 1 and 2.
(28)








































































































to the current matrix element we neglected so far this term





















Fig. 1. The electric form factor of the proton. Data are taken
from the compilation of P. Mergell et al. (MMD) [15].














= M  (M;0) the rst order term
does not contribute to the normalization of the charge as











while the 0th order term alone gives the correct normal-








and setting the incoming




=M  (M;0), we then












































































































This is the nal expression for the current matrix elements
which we use for the computation of form factors in the
next section.
3 Electroweak form factors of the nucleon
On the basis of the theoretical considerations of the pre-













for a nucleon state jN;

P; i with momentum

P and helic-
ity , where j
E;A












































Fig. 2. The electric form factor of the neutron.
They determine the electric, magnetic and axial form fac-































































































































compared with the new JLab
data [23].






















Fig. 4. The electric form factor of the proton (solid) and neu-
tron (dashed) calculated without the instanton induced resid-

















































































Fig. 5. The magnetic form factor of the proton. Data are taken






















Fig. 6. The electric isoscalar (solid) and isovector (dashed)




for the axial one. The normalization of the form factors
is such that the static magnetic moments and the axial














The result for the proton electric form factor is shown
in g. 1. The form factor obviously falls o too rapidly.
The electric form factor of the neutron, shown in g. 2,
rises sharply; the high Q
2
behaviour of our theoretical
prediction is still acceptable. The sharp rise is in quali-























Fig. 7. The magnetic form factor of the neutron compared
with (MMD)[15] and new data from MAMI[25][26].



























Fig. 8. The axial form factor of the nucleon. Data are taken
from the compilation of V. Bernard et al. [16].
overshoots the experimental values. The rapid fall o of
the proton form factor and the sharp rise of the neutron
form factor result from the action of the 't Hooft interac-
tion. To demonstrate this we show in g. 4 the result of
a calculation with the connement force alone (which, of
course, will not yield a satisfactory spectrum).
A more closer look at the results shows that it is the










which is responsible for the disagreement with the empiri-










indeed even a perfect dipole behaviour (see g. 6), con-











. We want to note in addition that
the neutron form factor, which we have computed, still has
a chance to agree with experiment, because the extraction
from deuteron scattering is not free of ambiguities. A re-
cent paper [24], which treats this problem, produces in
fact neutron form factors in qualitative agreement with
our results.
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Fig. 9. (1232) magnetic transition form factor.
In gs. 5 and 7 we show our results for the magnetic
form factors of proton and neutron. Obviously we describe
the data very well. This is interesting in so far as we induce
by 't Hooft's force strong correlations in the amplitudes,
which in standard non-relativistic quark models spoil the
symmetry of the wave function and destroy therefore the
classical SU(6) -results for magnetic moments. We believe
that the correct relativistic boosting of our amplitudes
is responsible for the good agreement with the data. For
comparison we have calculated the magnetic moment of
the proton omitting the boost (as in non-relativistic cal-
culations). The value drops in fact by the order of one
magneton.









with high accuracy at Jeerson Lab [23]. The data show
a monotonical, almost linear decrease with increasing Q
2
indicating that the electric form factor of the proton de-
creases signicantly faster than the dipole G
D
, which is
in qualitative agreement with our results (see g. 3). But
due to the rapid fall o of G
p
E
the ratio is strongly under-
estimated in our model for high Q
2
.
Figure 8 shows our result for the axial form factor in
comparison with the experimental data, which show in
fact large deviations between several experimental groups.
Our theoretical results agree, however, very well with the
more recent experimental work.
We conclude this section with a table of static elec-
troweak constants of the nucleon (table 1). Apparently we
achieved a reasonably good agreement with the common
experimental values.
4 Transition form factors
The nucleon- transition form factor is intensively studied
since many years. A long standing problem is the smallness
of this quantity at low Q
2
in quark model calculations,












































(1440) electroexcitation helicity amplitudes.
which can only be cured by hybrid models with a mesonic
cloud around the nucleon [36][37]. Our result, compared
to the experimental data, is shown in g. 9. We see that
at small Q
2
we do not cure this old quark model predic-
tion and that our form factor remains too small. The Q
2
behaviour above 1 GeV
2
, however, is correct.
The results for the transition form factors of the second







for proton and neutron
































following [17]. For the Roper
resonance P
11


































































































(1535) electroexcitation helicity amplitudes.
unfortunately contradicting each other, because the ex-
traction from pion-photoproduction is strongly model de-





(1520), though not completely conclu-
sive. In g. 12 we show the available experimental data for
the S
11
together with our result and the result of a quark
model calculation by Capstick [47]. We see that our model
works better at low Q
2
but our form factor possibly drops










to be too small even at the photon point. To complete our







(1675) in gs. 13,14 and















































(1650) electroexcitation helicity amplitudes.












































(1700) electroexcitation helicity amplitudes.
gs. 15 and 17. Experimental data to compare with, taken
from [49], are again quite contradictory but new measure-
ments at Jeerson Laboratory are in progress.
The photon couplings of all these resonances are sum-
marized in table 2 and, with the exceptions discussed just
before, agree quite well with the data. Our results for
the second and third resonance region are therefore quite
satisfactory; because of the total lack of experimental data
we stop, however, our investigation of form factors at this


















































































(1675) electroexcitation helicity amplitudes.
5 Conclusion
On the basis of the Bethe-Salpeter equation we have com-
puted nucleon form factors and photon transition form
factors of baryons up to the third resonance region. Our
results are in quantitative agreement with the existent ex-
perimental data, but need further experimental verica-
tion. Our fully relativistic treatment proofed to be ab-
solutely necessary to reach these results; in addition we
were able to demonstrate that our dynamical assumptions
about the eective quark forces at least do not lead to con-











neglected so far will be taken into











































(1700) electroexcitation helicity amplitudes.
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Table 2. Photon couplings.





























































































































the concept of constituent quarks fails completely at the
energies considered. There is of course room for improve-
ments, e.g. sea quark admixtures or pion cloud eects as
used in some hybrid models. We have made no eorts in
this direction, because our goal is to explore the concept of
constituent quarks at higher energies in order to nd out,
when it really fails. In the same spirit we are now per-
forming similar calculations of strange baryon properies
and strong two-body decays of baryon resonances.
We want to thank our colleagues U. Meiner, E.Klempt, F.Klein,
B.Schoch, W. Pfeil, V.V. Anisovich, A. Sarantsev, H. Schmieden
and S. Capstick for many helpfull discussions and usefull hints.
The nancial aid of the Deutsche Forschungsgemeinschaft is
gratefully acknowledged.
A Appendix: Reconstruction of the
Bethe-Salpeter amplitude
In our rst paper [8] we demonstrated how, under assump-
















can be reduced (in the rest frame of the baryon) to a





























































































is a projector on purely positive-energy and negative-energy












































) is the particular contribution
of the instantaneous three-body potential V
(3)
which cou-
ples to purely positive-energy and negative-energy com-






















ples to the mixed energy components. Putting the diÆcult
































This form, rstly, gives a prescription how to reconstruct






and, secondly, is suitable for the reduction
to the Salpeter equation as V
(3)
































































of any eight-dimensional six-point function A and V
e
M









) is an addi-
tional instantaneous three-body kernel which eectively
parameterizes the eects of the retarded two-body forces.







i, where irreducible is understood























To determine this quasi-potential we expanded it in pow-
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of the series to arbitrary orders. In practice,




which consists of an innite number of terms. A system-
atical approximation is now given by truncating the series




















































For the calculation of transition matrix elements we need






are known exactly) can be reconstructed by the prescrip-
tion (45) via the Green's function G
M
. However, the trun-
cation of the Salpeter equation has the consequence that




. To be consistent
we need an approximation of this reconstruction formula
that corresponds to the approximation (50) of the eec-




of the Bethe-Salpeter ampli-
tude 
M
to be such that its reduction according to eq. (41)





amplitude. Here we want to show that a consistent pre-
scription for an approximated reconstruction of the Bethe-
Salpeter amplitude can indeed be found. To this end, we
recast the Bethe-Salpeter and Salpeter equation into a
more convenient form. We start with the exact Bethe-












of the kernel which enters in the kth

























































































equivalent to eq. (45) but better suited to formulate our




appears which describes the propagation
of the three quarks via the second part of the kernel in






































-coordinates and multiplication with the projec-






























































The crucial point is now that the kernel appearing in this
integral equation is obviously at least of (k+1)th order of
















i, only of terms of order > k. In other words, if we
expand the propagator G
R;k
M
















































This result now allows to state an appropriate approxi-
mation of the full Bethe-Salpeter equation which is con-
sistent with the Salpeter equation (51): replacing in the
exact Bethe-Salpeter equation (53) the propagator G
R;k
M
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is indeed the solution of the approximated Salpeter equa-
tion (51) and 
(k)
M



































Our explicit model calculations so far have been performed
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